TRANSPORT PHENOMENA 



R. BYROIM BORD 
WARREN E. STEWART 
ED WD INI N. L-BCSIHTFOOT 

Department of Chemical Engineering 
University of Wisconsin 
Madison, Wisconsin 



John Wiley & Sons, Inc. 

New York * London • Sydney 




I 



Preface 



COPYRIGHT © I960 §Y JOHN WltfY & SONS, INC. 

AU rights reserved. This book or any part 
thereof must not be reproduced in any form 
without the written permission of the publisher. 



20 



UtRARY OF CONGRESS CATALOG CARO NUMBER: 60-11717 
PWNTED (N THE UNtTCD STATES OF AMERICA 

ISBN 0 471 07392 X 



This book is intended to 1 
phenomena for students of e 
present the subjects of mo 
transport (heat conduction, < 
port (diffusion). In this tn 
phenomena are occurring ar 
said about the molecular e> 
continuum approach is of m 
dents, although it should be e 
for complete mastery of the 

Because of the current dei 
emphasis on understanding 1 
use of empiricism, we feel th< 
kind. Obviously the subje< 
across traditional departmer 
subject of transport phenome. 
mechanics, and electromagn 
ences." Knowledge of the I 
transport has certainly becc 
gineering analysis. In addi 
interest to some who are w 
meteorology, and biology. 



taftwiccigmftntf 



f the manuscript 
jracy of the final 
|d 0. Edwards, 
Sanchez Palma, 
lard, Boudewijn 
lition the follow- 
6 all of the Class 
lowalri, Richard 

te University of 
feasant associa- 
tt to the subject 
late course; our 

Holland) in 1956 
brtoerschijnselen, 
teach transport 
ad the pleasure 
' as a Fulbright 
ie profited very 
Drt phenomena. 
I for typing the 
: We are deeply 
forts in mimeo- 
fe wish to thank 
z preparation of 

R. B. B. 
W. E. S. 
E. N. L. 



Contents 



PART I MOMENTUM TRANSPORT 

Chapter 1 Viscosity and the Mschanism of Momentum Transport 3 

*§t.l Newton's Law of Viscosity 3 

^Example J. 1-1. Calculation of M 'omentum Flux, 7 
*§1.2 NoivNewtonian Fluids 10 
*§1.3 Pressure and Temperature Dependence of Viscosity 15 
* Example 1,3-1. Estimation of Viscosity from Critical 
Properties, 18 

* Example 1.3-2. Effect of Pressure on Gas Viscosity, 19 

§1,4 Theory of Viscosity of Gases at Low Density 19 
Example 1.4-1. Computation of the Viscosity of a Gas 

at Low Density, 25 
Example L4-2. Prediction of the Viscosity of a Gas Mixture 

at Low Density, 25 

$1,5 Theory of Viscosity of Liquids 26 
Example L5-1. Estimation of the Viscosity of a 
Pure Liquid, 29 

Chapter 2 Velocity Distributions in Laminar plow 34 

*§2.1 Shell Momentum Balances: Boundary Conditions 35 
*§2.2 Flow of a Falling Film 37 

* Example 22-1. Calculation of Film Velocity, 41 
Example 2.2-2, Falling Film with Variable Viscosity, 41 



: 4**$*v.-f- 



r 



to 

.3 3^ 



H 3 

a 

I* § 

3 « < 



8" 



3 

< 

O 



o 



i? 



* c 



*1 < -*> 



! 

S 3 



I 
Sr 

3 



ro 

S- *. < 
* r z- 

*— fe* O 

N> " C 
^ CO 

I 3 3 

g O 



3 



n a. 



o 

3 



a* 
f y 

if 

• m 



o 
5 

3* 

o 

3 



8 



a 

-o 



604 SO* 0O» M>» «0» 9 

C^i <Jj OJ ** 

Ln 4». C*J NJ — - W 




00* 00* SO* 

NJ ts> NJ 
^ Oi 



^2 

> 



ft 

2j 



It- 



3 



> 
a. 

»* 
o 



^ 3 



EL* 

T3 



2 
o 

o 
I 



o 



o 

3~ 
A> 

> 

C 

c 



3 5" 3 - 

n g ^ « 

^ & ^ s- 
ts> ^ P> 
QO 



bo 

St 

r 

3 

f 

-« 



go j-J 



fa? 
I S 

g' H 



i? 



n 
o 

3 



06 0O M 
ts> 



t/i Cn (st 

O H-* 



* m 

5* o 

-a = 



H 



3 



3 w 

o O 



>, 5' ^ S*. 
3 ~ 5 » 



3* 



O » 

3 



3 



3 



C3 re 
5T 

3 

r> 



to 

I- 



n 

sr 
o 



0<>9 «C« 

*a -a 



— 3 = — 



Q 

T5 



B 1 s- g 1 



Hi ^ 3 

3 V» S- 



a c 

ST" 3 

s § 

3 w 

% 

3 



5a 8 S. 



"0 

S 

a. 

n 

o 



to o 



a 

3*» 

_ 3 

o* 

3 



22 

o 



C5 

fa 



3) 



a* 



a o 



ft 

2 



3 

3* 
-3 

ar 
o 

3 

3 



O 

3. 



a 

ar 
• 



■< 




n 
o 

3 
3 



S 



o 
o 



22 g 



On 



00 



OA 



X 



a 



oo 

in 



a 

9 




m 

Z 
m 

TO 

O 



O 

90 




8 

Ul 



s 



• 

3 



«8 

3" 



_ t*J t*J t*J 3 
S3 H H H to 

; tj- ^ 




r 
o 

3 

3 



o bo ^ 
^ ? 

*™l X Q3 

s § * 

1 



8 < 

3 



^ O 

S3' 



» S2 



(> Cn £•» C*> 

ac x s x 



I 



n n p p 

o o o o 

S g 2 2 

a. a, o. d 

c c c c 



3 



5- 3. S. S. 



flfQ 

3 . 
1 5 

It- 
a 



8 



51 5 



o 
c 

CTQ 

O 

o 

3 



n 

or 

3 



c 



s 



to 

oo 



o 
c 

« -J 

a: x 



"8 2 

<: 8 ^ ^ 

? ~ 5P v 

o» y -t *™t 

** S 8 £ 

> S 

Q- 



O 
3 



to K> N> 
^ 

vo 



30* 



in 



a 



9 




4k. 



r> 

2. 

03 

8. 



3 



a. 

n 

o 



rs 



3 



a 

3 



*5" S 
4 3? 



s. 

i 

o* 

3 



Li. 



3 v* 3 5L 
** n- 5* 



s; 



n 

o 

fi 

5* 

3 

H 
c 



NO 



3 &> 



8. t 



f 3> 

& 3 



-3 

3- 

a 



3 

3 

V* 



o 

3 



8 £ 



S 



*< 

w 
• 

3 



5 




■8 



"S 



3 r 



3 
c 

<f s 
2 2 



5 * 



a. 



H 

3* 

3 



2L 



8 o 



« 3 3 



8" 



3 a. 
? i 3 



is- 



_ 3 ^ 



2. 

Or 



a- o 



V a 

> 3 

3 § 
Tt I. 

e o 

^ ry 

3 



R 3 C CL 



1 f 

It 

Co 



^5 



g 



D 

fi- 
st 



n 

o 



3 

3 



O 

e 

3 




9 

a 

11 



06 OO 00 — » 

in to 

H H H J 

3- -r =r J" 

nj o • 



2 s 

3 E. 

f' 

3 

3 



o 
3- 

OS 
3 
GTQ 



m pj 

c e 
ft) p 



§ 9 



o 1 

P 

3 CO 

p 3 

£ P 

3 q 



J9 
C 
Q 

o 

SI 

s, 

n 



c 



2 "O 
S « 3 

P s a 



* 3 
=r p 



<» 
3 



SI 3 



2 ? 

H 3 



w a. 



O 

I * 

n s: 

p ^ 



i 



n 

o 
3 



>^ 3 

r s 

?• Q 

e 3 



5e 



S 2 



SI- 

V* * 

I- 3 

§ 8 

Co 

3 

5? o* 
^ Si. 

S ? 

1 3" 

£ 3 



r * 

3 



ft- ^ 



3 



^1 3- 



» 

ST ^ 

3 OQ 



3* Q 

= i 



S 1 



2! 



3 



or 



m sr S w 

=J 5" ^ .1 



O 



n 

o 

3 
CL 



^ 5- 



o 



a 

3 
au 



^3 sr M 



If' 



5 1 

(3 S 8 

4^ Cu 

^ i a' 



_^ =■ ^* 



a 5' 



? r 



o ^> 



* H 

3 



3 3 

^ o 
o 3 

.0 » 



s; Q 



O Ui w 

^ i 5 



hi 



1? 

|: 



3 g 

sr. a> 

3 a 

S. 2 

2 CO 

v s 



a 



3 



CO 



5 33 

In 3 

o c 



M 

< 



Q 



o 2 

3 c 



0 



> 



> 
2 

O 



3" 5 



a 

3 



5- 3 



Q 
3 
«* 

-a 
o 



s 



C/i Cn Wl 
Cn Wi 

00 t/t 



Cn |5 

10 ^ 2* 
to *w 



o 
00 



is* C/i 
O O 



si 



9 

a 



o 



3 



C*1 



o 

Co 

c/i H 
S a § ?5* ? 3 



£ 8 



^- ^ 9^ 3- 

9 in 



vO 

x X c 
P m 3 



33"? * 



s 5 U 



o 
3 

n 

o 



o 

3 
3 



3 

ft> 
crq 



^5- 

o 

I 

3 



CP 



a 3 



(13 



2 



^ 0 so 



3 
3- 



is 



— 3 



3 

^< 
o 



o 



Cv On 
to 10 



3 3 

H 3 2 

I i 

1 I 

2 g 

3 

^ =r 

3- -i 

d 3- 

! 5 



S 



a 



• 

3 



3 



-2 



• a. H 

O O -1 

5. 3 ^ 

a 8 * ' 

S"- E Pi 

^ £ x 

3 5 63 

§ I §. 



33a 

I* ^ s 

^ ft 



§' 



S 5 



I- it. 



5S» 



r 

H 
3* 



o 
3 



3 ' 



>3 



O 3 

3 8 



3 w 



S 



5* 

»-* 

- 

Crt ^ Cjr» 
vO OO 



5 



3 
3 
> 



3 



s 



tn fcj 3 

H H cfl 

>-* ^ a 

VO M=> 

' o 
3 



8. 



5 s 

d 
a* 

8. 



11 

< 3 

8-1 

I 

5* 

3 



On 

S 1 ffl 3 
§ 3 5 

4 « I. 

g 

b, > 
1 « ? 



00 



hi 



1 3 ? 



5? 



CO 



to e. 

- £ ^ 
«S °- 



A. 1 



^ 2' 



a § a. 



a 

3 

O 

3 



I: 



to 



O 
3 
(ft 

o 

3- 
p 

3 

3 



Oo Oq - 
ljr\ '^n. t-n 
^ ts, to 

s ^ 

j In Cn 



i ~ ■ 

"2. 3- 

^ PI 

! P 

c 

' o 

5fl 3 
a 2, 

19 

3 p 

1"9 



00 

2 



> 5 
'if 
9 C 



1- 



3)* 



o 

3 



8- 



o 
3 

3 



3 

H 
3 

CO 

O 



P 
3 

CO 

3 



X 



ar 

Q 

* * ' * ff 

N~> r-O NJ 

w n sj tg 

4* O-j — ■ M 



3 5 » o ir $ 2 P 5 3 o 2, £ 

cr "* S ^ 



H H H 



2 3 



Bill outs 

t\) t\) ST » 
t\i c\j t\» 



N N g- 



O o» ^ ftJ 



I? 

ft P 



8 



CO 



5? 



OKI 



^ V 4 ^ o V 



o a 



N o ^* 



9- $ ^ 
S* ft 0 

^ ? 

S ^ * 



Co 



s 




t*3 V 

on > s 

ft 

$ §" 

: a 

s "8 

» 3 

. ^ 

R. 3 



oo oo 
O SO 



ON ©> 
00 OO 
OO Os 



S 

(A 



3* 



on > T g 

• * 3 £" I 

§* H » J ff 

=■ 

9 ^ 



£ £ s? ^ ? 

2 3 a 3 3 3 

Si ^ ^ S & § 



3 



3 



*3 



pa 



to 



-\ ft 



if 



X 



3 =^ 



s- 3 



o 

CO 2> 

h e 

3 H 



n 



?0 o 



2 



a 



x>» sew 

r* r* >o 



a 

CO X* 

y s : ^ 

Zj o S. o 

^ &^ P S 



E? ^ o 

ft ft 2 

^" ^* &J o* 

tvo tva ^ 3 

K ^ p B 

^ o o 

N ^ 1 CO 



c c ^ 

• 

-3 



3 5 



GO 



Hi sr, 3 w 
ft <i co ai 

s s. ; 5* h 



sr 5- 3 

lb 

SS. sr 3 

^ ^> O 



ED 3 

^ o 



^ 2 

to 3. 



n 

8 

3t 



o 

3 

cr 



o 
3 
o 

3 
<» 
3 



n 
o 

3 



c 
cr 



3 

a. 



3 

a. 



o 



ft^fi od» 

o o n 



a. 



< 2. 3- 



p 3 



O 
3 

-rl 3 

o S 



o 

3 
3 

0 
3 
D. 

n 
o 

3 
< 



O 
3 
•n 
a 

3 



po oo 5: 



U7» «» 
> > > 

l^f bx ^ 



> 



> > 



r B s 

o o q 

< ^. 3 

^§ o 

?3 ? 



•»4 



a 

cr 

5T 



- H — ' 



i-« LP 

? 1 in 

3 



3 o ^ 9 O 



S S - V 5 « 3 t 1 



> > 

2 o o 
3 

•a. O O 



o 
a 



ft 
O 



(ft 
3 



C 

3 

3 
a 

•3 




Jo 



